Abstract-This paper presents a realization of interconnects working in the THz range, based on the propagation of surface plasmons along carbon-based conductors, such as carbon nanotubes or graphene nanoribbons. Based on a quasi-classical transport model, the behavior of such interconnects is studied, highlighting not only the fascinating features of such realizations, but also the limiting factors due to new phenomena occurring in the THz range, such as plasmon and/or tunneling resonances. Experimental evidence of some of such phenomena is also shown.
I. INTRODUCTION
The Terahertz range (0.1 -10 THz) technology is foreseen as one of the main breakthroughs for future applications in the fields of sensing, imaging or non-destructive testing, due to fascinating properties of electromagnetic waves in such a frequency range [1] . However, accessing the THz range has been a challenge for decades, since at such frequencies the electronics and photonics applications exhibit a dramatic drop of performance, due to the degradation of the transport properties (electronics) or to the losses (photonics). Although great advances have been done in the past years in realizing THz emitters and detectors, e.g. [2] , a major challenge is still given by the lack of low-loss THz interconnects, even for chip to chip links. This condition strongly limits the design of THz circuits, by imposing that the devices such as sources and detectors must be either placed in direct proximity or coupled by free space optical links. The use of conventional electronics (parallel-plate waveguides, [3] ) or photonics (low-loss dielectric ribbons [4] ) solutions demonstrated the possibility to strongly reduce the losses, but with a considerable increase of the circuit dimensions, not suitable for compact low-cost THz.
Coming from the optical range, a recently proposed technology is the so-called "plasmonic interconnect", where the signals are associated to the propagation of surface-plasmons (SPs), i.e. charge density waves oscillating at optical frequencies on the surface of the conductors, e.g., [5] - [6] . However, for lower frequency range, including THz and Far Infra-Red (FIR) ones, the conventional metals behave as perfect conductors, and thus SPs cannot propagate. A possible solution is the use of metamaterials, as recently shown in [6] . An alternative solution is the use of carbon-based nanomaterials like carbon nanotubes (CNTs) or graphene nanoribbons (GNRs), e.g [7] - [9] . The propagation of SPs along CNTs or GNRs was proposed to realize, for instance, ballistic transistors [10] , plasmon oscillators [11] , waveguides and nanoantennas [12] . For frequencies up to FIR, the carbon-based interconnects behave as single-mode waveguide, since the surface plasmon is a single guided mode [12] . The potential of the plasmon interconnects is related to a large non-dispersive frequency range with small absorption. On the other hand, the performance of such interconnects may be dramatically limited by phenomena associated to the carbon-based materials in the THz range, such as plasmon resonances or intershell tunneling.
In this paper, we study the electrical behavior of carbonbased plasmon interconnects in the THz range, by means of a circuit model which takes into account the main quantum effects, including the tunneling, by suitable definitions of the circuit parameters. In particular, we start from the Transmission Line (TL) models for the carbon interconnects in the low frequency regime (up to microwave), e.g. [13] - [14] . Indeed, the use of GNRs and CNTs as VLSI interconnects in such a range has been widely investigated [15] - [16] and the first real world applications have been made available [17] . We generalize such a model, by including effects that are negligible in the microwave range but may be important in the THz one (Section II). The analysis in the THz range by means of such a model highlights the presence of plasmon resonances, which are confirmed by experimental data, and additional resonances associated to the tunneling effect (Section III).
II. CIRCUIT MODEL IN THE THZ RANGE
A typical arrangement of a carbon-based interconnect is depicted in Fig.1 , with a signal trace above a perfect plane. The trace is made of a bundle of CNTs (Fig.1a) or of an array of GNRs (Fig.1b) . Indeed, to lower the overall resistance, carbon interconnects must be realized with a very large number of conductors in parallel [16] . For frequencies up to hundreds of GHz and for low bias regime (hypotheses well fulfilled in the microwave applications), the equivalent TL model of such interconnects can be derived by starting from a quasi-classical model of the electrodynamical transport of the plasmons, where effects such as interband transitions or nonlinearity can be neglected [14] , [18] . The single line case may be then modeled by means of lossy TL model, where the per-unit-length (p.u.l.) resistance, inductance and capacitance are expressed as:
and E C the p.u.l. magnetic inductance and electrostatic capacitance, respectively, and
The p.u.l. kinetic inductance k L is related to the mass inertia of the conduction electrons, and the p.u.l. quantum capacitance q C , is related to the quantum pressure arising from the zeropoint energy of such electrons. In addition, M is the number of conducting channels, vF is the Fermi velocity, R0=12.9 kΩ is the quantum resistance, v is the collision frequency, whereas X and ) ( are parameters related to the material: for a CNT, X is its diameter and ) ( =1, whereas for GNRs they are given in [14] . In the microwave range, the case of a bundle of N CNTs or an array of N GNRs may be simply studied by means of the multiconductor TL model, with p.u.l. parameter matrices:
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Here U is the unitary matrix, and K is given by:
Note that at such frequencies one can neglect the interactions between electron bands of adjacent CNT shells or GNR layers. In addition, by considering all the signal line fed in parallel with the same voltage, a simplified Equivalent Single Conductor (ESC) model can be derived to describe the interaction between such a voltage and the total current, e.g [14] . In view of analyzing the THz range, the latter assumption does no longer hold, and the coupling effects between CNT shells or GNR layer must be considered. As done in [19] to describe the intershell coupling in double-walled CNTs, a generalized Ohm's law may be introduced as follows:
where it is evident the effect of self and mutual conductivities, whose expressions are given in [19] . By coupling (5) to 
where Θ is the matrix:
The kernels in (6)- (7) are defined as
In the above expressions, a crucial role is played by the tunneling frequency t , related to the binding energy t due to delocalization of the electrons for the tunnel effect. For CNTs (GNRs) we can assume that the shells (layers) are separated by the Van der Waals distance δ=0.34 nm: at such a distance, a measured energy of meV 35 t was reported, corresponding to a tunneling frequency of rad/s 10 13 t [19] .
III. CARBON INTERCONNECTS IN THE THZ RANGE
As pointed out in the introduction, the main advantage in using carbon plasmon interconnects is the possibility to have an almost frequency-independent wavenumber up to the THz range. For instance, the wavenumber h k / for a CNT can be evaluated as a solution of the dispersion relation [20] : and h is the surface wave wavenumber. Indeed, for a metallic single-walled CNT of length 0.2 μm, the computed axial conductivity is almost constant in the wide frequency range from DC to 3 THz, and monotonically decreasing from 3 to 30 THz.
In the THz range, carbon-based conductors exhibit the plasmon resonances, experimentally demonstrated in [21] . The possibility of having resonances is given by the solution of model (1) The computed line parameters reported in Table I suggest the following approximation in (1): . , ,
As a consequence of the huge value of the kinetic inductance, the propagation velocity, cCNT, of the surface plasmon is strongly slowed down, suggesting the possibility to excite the resonances (12) in the THz range also for short interconnects with lengths in the range of μm. Indeed, Figure 2 shows the first three plasmonic resonances versus the line length. The possibility of exciting such resonances is of great interest in view of realizing THz emitters or detectors (e.g., [22] ), but is a drawback when dealing with interconnects, since it limits the range of their maximum lengths. The relation between plasmon resonances and CNT lengths has been experimentally validated by studying the conductivity spectrum of a nano-composite where SWCNTs of average diameter of 1.1nm were included. In order to obtain SWCNTs with fixed lengths, a simple method based on low temperature (~ 8 0 C), intensive ultrasonication in the mixture of sulfuric and nitric acid was used [23] . Figure 3 shows the measured mean lengths and corresponding resonance frequencies versus cutting times.
To investigate the effect of tunneling, let us now consider the case where no plasmonic resonances are excited, by studying a line that can be considered electrically short in the THz range, i.e. up to 10 THz. In the following, we assume the line to be electrically short if 0.1 . In such conditions, the term tun L in (6) may be approximated as:
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Let us consider the line to be made by a pair of metallic GNRs (see Fig.1b ), with W = 1nm, t = 4W, embedded into a dielectric with permittivity .
. r
The slowest surface wave propagates at a velocity of 0.015c, therefore the line length must be chosen no longer than 30 nm to avoid plasmon resonances. In the following, we assume a length of 20 nm. In addition, we assume that the layers are separated by the minimum distance, that is the Van der Waals distance, nm 34 . 0
, which correspond to a tunneling frequency rad/s 10 The two GNRs are fed independently, as if they were two channels: in particular, we assume line 1 to be active and line 2 to be passive. Indeed, line 1 is fed at the near end by a voltage source of 100V, with a series resistor equal to Z0=41 kΩ and terminated at the far end with Z0, whereas line 2 is terminated at both ends with Z0. Figure 4(a) shows the transmission parameter S21 computed along the active line, with or without the tunneling effect. If no tunneling occurs, in the given conditions a good quality transmission is achieved in the THz range, whereas in presence of tunneling, an unwanted transmission loss is observed around the frequency t f 2 . The tunneling is also responsible for another potential issue, that is the crosstalk noise: indeed, fig. 4(b) shows the transmission towards the far end of the passive line, S41, which can be regarded as a measure of the far end crosstalk. If no tunneling is considered, the line does not suffer from the crosstalk problem: this is due to the fact that the inductance matrix in (4) is diagonally dominant, being the kinetic inductance much higher than the magnetic one. However, the crosstalk may become an issue if the tunneling is considered, given the increase of S41 around the frequency t f 2 . The tunneling effect, therefore, introduces a new example of nanoscale electromagnetic compatibility problem, such those described in [24] , by adding a further limit to the maximum interconnect length. To mitigate this issue, a higher tunneling frequency must be obtained, e.g., by increasing the separation between the GNR layers. However, this reduces the density in the array, so lowering the interconnect performance, e.g. [16] .
IV. CONCLUSIONS
In view of studying carbon nanotubes and graphene nanoribbons as electrical interconnects in the THz range, an equivalent transmission line model is here adopted, which includes the tunneling effect. The model describes two different mechanisms able to excite resonances in such a range. The first one is related to the slowing down of the propagating surface wave, which is responsible for the excitation of the so-called plasmonic resonances, as experimentally observed. The second one is due to the tunneling effect, which may introduce resonances in the THz range and issues such as unwanted crosstalk between carbon lines. 
